INTRODUCTION
L-Methionine (Met), in its free form or when inserted in polypeptides, is sensitive to oxidation of its thioether group to sulfoxide by reactive oxygen species (ROS) generated from exogenous or endogenous sources. Such oxidation of Met residues in proteins often results in significant changes in the structural and hence functional properties of the protein [1] . Upon oxidation to the sulfoxide, the sulfur atom becomes a new stereogenic center, and two stable diastereomers of Met sulfoxide [Met-(O)] exist, with opposite configurations at the sulfur atom: Met-S-(O) and Met-R-(O) [2, 3] . A repair system has evolved from prokaryotes to eukaryotes to cope with Met oxidation in the form of Methionine-sulfoxide-reductase (Msr) enzymes. Early evidence suggested that the Msr activities, recognized in a number of different cell types [4 -6] , might in fact act stereospecifically [7] . More recent studies have confirmed this concept, and in the last decade, it has been shown that Msr enzymes are ubiquitously expressed in cells and tissues [8] and can be grouped in two classes, depending on their stereoselectivity: MsrAs reduce Met-S-(O), and MsrBs reduce Met-R-(O) [9 -15] .
Msrs thus play a central role in the antioxidant defense of tissues [16 -18] . Although their function is that of a repair system for oxidized Met, they may be considered as part of an antioxidant buffering system of cells, whereby exposed Met residues on proteins may scavenge ROS, and the Met-(O) is reduced back to Met by Msr activity [18] . It has also been proposed that the cyclical nature of Met oxidation/reduction may act as a signaling mechanism within cells [19] . Evidence exists for Msrs preventing age-associated diseases, such as pulmonary emphysema, rheumatoid arthritis, cataract formation, and Alzheimer and Parkinson diseases. Overexpression of MsrA confers resistance to oxidation and increases the lifespan of PC-12 cells, yeast, MOLT-4 cells, and Drosophila melanogaster (reviewed in refs. [20, 21] ). Finally, Msrs can reduce drugs, such as Sulindac, and xenobiotic compounds, such as alkyl-methyl sulfoxides, to the corresponding sulfides [22, 23] . A system based on NADPH, thioredoxin, and thioredoxinreductase was found to be the source of reducing power for sustaining the activity of some Msrs [24, 25] . Other Msr forms (MsrB2 and MsrB3) cannot use the above-mentioned reducing system but seem able to use thionein and seleno compounds such as selenocystamine [26, 27] . DTT can be used in vitro as the electron donor [25] .
The expression of Msr in several human tissues has been documented. One gene encodes MsrA in at least three isoforms [28 -30] , whereas three different genes encode MsrB1 (cytosolic), MsrB2 (mitochondrial), and MsrB3, the latter existing in two alternatively spliced isoforms: MsrB3A [endoplasmic reticulum (ER)] and MsrB3B (mitochondrial) [15] . It is remarkable that it has been shown by Kim and Gladyshev [15] that MsrB1, unlike the other known MsrB isozymes, is a selenoprotein (also known as selenoprotein R or selenoprotein X), whose selenocysteine residue is essential for catalysis: Its mutation to a Cys residue decreases the specific activity of the enzyme by almost three orders of magnitude.
Although it has been shown that granulocytes express high Msr activity [6, 7, 31, 32] , which isoforms of Msr are expressed are unknown, and Msr activity in other blood components has not been determined. The present study, therefore, was designed to provide a detailed investigation of the Msr expression by a combination of enzymatic activity measurements, Western blotting, and RT-PCR, using purified blood cell populations: neutrophils, eosinophils, mononuclear cells, platelets, and erythrocytes.
MATERIALS AND METHODS

Antibodies and chemicals
Mouse monoclonal 1C8 anti-MsrA (ab16742), rabbit polyclonal anti-MsrA (ab16803), rabbit polyclonal anti-MsrB1 (ab16804), and rabbit polyclonal anti COX IV (ab16056) were from Abcam (Cambridge, UK). Mouse monoclonal 2C3 anti-matrix metalloproteinase (MMP)-9 (sc-21733) and goat polyclonal anti-neutrophil elastase (sc-9520) were from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Mouse monoclonal SZ2 anti-CD42b (0409) was from Immunotec (Marseille, France). All corresponding secondary antibodies, conjugated to HRP and Immun-Blot polyvinylidene difluoride (PVDF) membranes (0.2 m), were from Bio-Rad Laboratories (Milan, Italy). Dextran 70, Ficoll-Paque Plus, Protein G Sepharose 4 Fast Flow, and ECL Plus Western blotting detection system were from GE Healthcare (Milan, Italy). Eosinophil Isolation Kit, MACS columns (MS size), and miniMACS separator were purchased from Miltenyi Biotec (Bologna, Italy). Skimmed milk, Zymosan, Percoll, Di-isopropylfluorophosphate (DFP), iodoacetamide, PMA, 1,4-dithioerythritol (DTE), Met-(O), 4-(dimethylamino)azobenzene-4Ј-sulfonyl (DABS) chloride, acetonitrile for HPLC, and Supelcosil LC-18-T (15 cmϫ4.6 mm, 3 m) HPLC column were from Sigma-Aldrich (Milan, Italy). Centrifugal filter devices (Centricon-3, 3000 Da cutoff) were from Millipore (Milan, Italy). Surfact-Amps X-100 (10% Triton X-100 solution) and bicinchoninic acid (BCA) protein assay kit were from Pierce Biotechnology (Rockford, IL, USA). DMEM, FBS, L-glutamine, and penicillin-streptomycin antibiotic mix were from Euroclone (Milan, Italy). Trizol was from Invitrogen (Milan, Italy); High-Capacity cDNA Archive Kit, human kidney cDNA, TaqMan Gene Expression Assay, and TaqMan Universal PCR Master Mix (no AmpErase UNG) were from Applied Biosystems (Milan, Italy); and Taq DNA polymerase (native, plus BSA) was from Fermentas (St.Leon-Rot, Germany).
Isolation and purification of blood cells
Blood was collected from healthy human donors in 0.1 vol 3.8% (w/v) trisodium citrate or acid-citrate-dextrose (130 mM citric acid, 152 mM tri-sodium citrate, 112 mM glucose) as anticoagulants. Erythrocytes were recovered by centrifugation and purified further from leukocytes and platelets by filtration through cellulose, as described [33] . Platelet-rich plasma was obtained by centrifugation at 130 g max for 10 min and used for subsequent platelet purification. The volume of the residual erythrocyte-leukocyte-rich sample was restored to the original value with PBS (5 mM sodium phosphate, 154.5 mM NaCl, 4.5 mM KCl, pH 7.4) and then processed for leukocyte purification by following the procedure of Böyum [34] with minor modifications [35] . The fraction of mononuclear cells at the Ficoll-Hypaque interface was collected, washed twice with PBS, supplemented with 2 mM EDTA and 0.5% (w/v) BSA (PBS-EDTA-BSA), sedimented, and stored at -80°C or used immediately as described below. The granulocyte-rich pellet from the Ficoll-Hypaque gradient was subjected to differential hypotonic lysis to eliminate contaminating erythrocytes [35] , and the resulting granulocyte fraction was stored at -80°C or used immediately. The platelet-rich plasma obtained above was centrifuged at 700 g max for 15 min, the supernatant discarded, and the platelet pellet washed with PIPES buffer (20 mM PIPES, 137 mM NaCl, pH 6.5) and finally, resuspended in HEPES buffer (10 mM HEPES, 137 mM NaCl, 2.9 mM KCl, 12 mM NaHCO 3 , pH 7.4).
For eosinophil purification, whole blood was enriched preliminarily in eosinophils by a combination of Dextran 70 and Percoll gradient centrifugation, as described previously [36] , with modifications. In brief, between the Dextran 70 and the Percoll steps, the leukocyte-platelet-rich fraction, as a cell suspension in 1.2% (w/v) Dextran 70, was diluted with 2 vol PBS-EDTA-BSA and centrifuged at 100 g in a fixed-angle rotor. The platelet-rich supernatant was aspirated and discarded. The leukocyte-rich pellet was resuspended directly in Percoll and processed further as described [36] . The resulting eosinophil-enriched fraction was finally subjected to immunomagnetic removal of residual contaminating leukocytes and erythrocytes, using the Eosinophil Isolation Kit from Miltenyi Biotec, following the manufacturer's instructions.
Preparation of cellular extracts
Cellular extracts were obtained by one of two procedures (detergent-based or detergent-free), depending on the nature of the experiments (see below). As well as blood cells, other cell types and tissues were also used to prepare extracts, as follows. Escherichia coli (strain DH5␣) was cultured at 37°C in Luria-Bertani medium without antibiotics and harvested in the exponential growth phase when the culture reached an OD 540 of 0.5. Kidney, liver, and heart tissues were explanted from mice (strain 129Sv/Jae, 4 -5 months old) killed after i.p. total anesthesia. The organs were washed with ice-cold PBS and then stored at -80°C until use.
Detergent-free lysis
E. coli, granulocytes, and murine organs were resuspended in PBS containing 0.1% DFP (v/v) and homogenized with a manual glass potter in ice. After centrifugation at 30,000 g for 30 min at 4°C, the supernatant was collected and used directly.
Detergent-based lysis
Purified blood cell populations were resuspended (at 10 8 cells/ml) in PBS containing 1% (v/v) Triton X-100 and 0.1% (v/v) DFP and incubated on ice for 30 min. The lysate was then centrifuged at 18,000 g for 10 min at 4°C. The supernatant was collected and stored frozen at -80°C or used directly.
Protein concentrations in extracts were assayed using the BCA method with BSA as a standard.
Immunoprecipitation
Triton X-100 lysates (described above), corresponding to 6 ϫ 10 6 cells, were mixed with 5 g antibody (rabbit polyclonal anti-MsrA or anti-MsrB1), and the final volume was adjusted to 60 l. The sample was then incubated at 4°C for 2 h, followed by addition of 45 l protein G Sepharose suspension (reconstituted with 2 vol PBS) and further incubation for 1 h at 4°C with gentle agitation. The slurry was then centrifuged at 18,000 g for 10 min at 4°C, the supernatant was collected, and the protein G Sepharose was washed three times with PBS and resuspended in the same volume of PBS as the supernatant. Aliquots of the precipitate and the supernatant were used for enzymatic analysis and SDS-PAGE/Western blotting. Protein detection by Western blotting was carried out for MsrB1 with the same antibody used for immunoprecipitation and with a mouse monoclonal anti-MsrA for MsrA. In both cases, to avoid interference during immunodetection, from the light chains of the IgGs used for immunoprecipitation, the SDS-PAGE (10 -20% acrylamide gradient gels) was conducted under nonreducing conditions: Aliquots of the supernatant and the resuspended precipitate from the immunoprecipitation step were treated with 20 mM (final concentration) iodoacetamide for 20 min at 4°C to alkylate thiol groups in proteins and avoid their possible oxidation with formation of protein aggregates during the following step of dissociation under nonreducing conditions. This was obtained by adding to the iodoacetamidetreated samples, 0.5 vol SDS-PAGE sample buffer without DTT (see below, SDS-PAGE and Western blotting).
Activation of granulocytes
Granulocytes were resuspended in incubation buffer (9.6 mM sodium phosphate, pH 7.4, 138 mM NaCl, 2.7 mM KCl, 0.6 mM CaCl 2 , 1 mM MgCl 2 , 5.5 mM glucose) at 25 ϫ 10 6 cells/ml and preincubated at 37°C for 10 min. The suspensions were then treated with 0.8 M PMA or 5 mg/ml opsonized Zymosan (final concentrations) and incubated for 30 min at 37°C, after which they were cooled on ice, supplemented with 0.1% (v/v) DFP (final concentration), and centrifuged. The incubation medium (supernatant) was collected and concentrated (to allow subsequent enzymatic analysis and Western blotting) to approximately one-fifth the original volume by centrifugation in a Centricon-3 ultrafiltration device, and the pelleted cells were resuspended in the Triton X-100-containing lysis buffer described above to a volume equal to one-fifth that of the original suspension. Opsonized Zymosan was obtained [37] by boiling Zymosan powder suspended in PBS for 20 min, followed by three washes with PBS. Finally, 1 vol human serum was added to a 20 mg/ml suspension of Zymosan in PBS, and the mixture was incubated for 60 min at 37°C, then washed three times with the incubation buffer, and resuspended in the same buffer.
Determination of Msr activity
The diastereoisomers of Met-(O) were separated as described [38, 39] and obtained in optically pure forms. DABS-Met-R-(O) and DABS-Met-S-(O) were prepared as described [7] . MsrA-and MsrB-type enzymatic activities were assayed separately using the DABS derivatives of the two diastereoisomers of Met-(O) as substrates. The reaction mixture (usually 50 l) contained 5 mM sodium phosphate (pH 7.4), 154.5 mM NaCl, 4.5 mM KCl, 20 mM DTE, 500 -600 M substrate, and 30 -60 g total protein from cell extract. The reaction was carried out at 37°C for 30 min and stopped by dilution 1:10 with a solution containing equal parts of sodium acetate (pH 4.25) and ethanol. The reaction product, DABS-Met, was analyzed by reverse-phase HPLC, as described [7] . The specific activity of samples was reported as pmoles DABS-Met produced per minute per mg protein.
SDS-PAGE and Western blotting
Cell extracts were mixed with Laemmli's 3ϫ SDS-PAGE sample buffer [50 mM Tris/HCl, pH 6.8, 5% SDS (w/v), 5 mM EDTA, 200 mM DTT, 35% sucrose (w/v), 0.01% bromophenol blue], boiled for 5 min, separated by SDS-PAGE on 5-15% or 10 -20% acrylamide gradient gels [40] , and electrotransferred to a 0.2 m PVDF membrane [41] , which was blocked with 20 mM Tris/HCl, pH 7.4, 150 mM NaCl, 0.05% Tween-20, and 5% skimmed milk (w/v). After incubation with a primary antibody (monoclonal anti-MsrA, polyclonal antiMsrA, and polyclonal anti-MsrB, diluted 1:2000; polyclonal anti-neutrophil elastase and monoclonal anti-MMP-9, diluted 1:200; anti-CD42b, diluted 1:1000) and the corresponding secondary antibody, the proteins of interest were revealed with the ECL detection system.
RNA extraction and reverse transcription
RNA was extracted from total granulocytes, purified eosinophils, and mononuclear cells using Trizol reagent, according to the supplier's instructions. In some experiments, RNA was extracted from human embryo kidney (HEK) 293-T cells grown in DMEM, supplemented with 10% FBS, L-glutamine, and penicillin-streptomycin antibiotic mix at 37°C in the presence of 5% CO 2 , and harvested at ϳ90% confluence. First-strand cDNA was synthesized using 2-10 g total RNA using the High Capacity cDNA Archive Kit, according to the manufacturer's recommendations.
RT-PCR
Analysis of human MsrB3A and MsrB3B transcripts was performed using cDNA from granulocytes and mononuclear, HEK 293-T, and human kidney cells (the latter commercially available). The primers used, which give rise to 2 amplicons 578 bp and 707 bp for MsrB3A and MsrB3B, respectively, were the following [42] : 5Ј-ATGAGCCCGCGGCGGACC-3Ј (forward), 5Ј-TTA-GAGCTCCGCTTTGTCTG-3Ј (reverse). After preheating at 94°C for 4 min, reactions were cycled (ϫ38) as follows: denaturation at 94°C for 1 min, annealing at 52°C for 1 min, and extension at 72°C for 1.5 min. The PCR products were separated on 1.5% agarose gels and then stained with ethidium bromide.
Quantitative (q)RT-PCR
The expression levels of MsrA, MsrB1, MsrB2, and GAPDH were evaluated using qRT-PCR based on the TaqMan Gene Expression Assay (Assay ID:
Hs00737165_m1 for MsrA; Hs00249482_m1 for MsrB1; Hs00255292_m1 for MsrB2; and Hs99999905_m1 for GAPDH), according to the manufacturer's instruction. Standard curves were constructed by serial dilution (from 1 to 10 Ϫ3 in tenfold steps) of cDNA samples for the different Msrs. Direct quantitation of levels of expression of Msrs in different cell types was impossible, as a result of intrinsic difficulties in normalizing the expression levels for each gene to the housekeeping gene chosen for these experiments (GAPDH). Therefore, the data were analyzed as follows: Within a single, multiwell plate, three calibration curves were generated, each point in triplicate, with serial dilutions of human kidney cDNA for MsrA, MsrB1, and MsrB2. In the same plate, a triplicate sample of cDNA from a given cell type was run, whose relative amount of transcript was interpolated with the calibration curve for each gene. The gene with the highest relative transcription level within a given plate/cell type was taken as 100%, and the transcript levels of the other two genes were given as a percent of that (see also Discussion).
RESULTS
Granulocytes display levels of Msr activity comparable with those present in highly expressing cells
Levels of MsrA and MsrB activity of human granulocytes were measured using the separate S and R diastereomers of Met-(O) derivatized with DABS chloride and DTE as an electron donor, according to the methods developed previously in our lab [7] . Msr activities were compared with those measured in other tissues that have been shown previously to express high levels of the enzymes, such as kidney, heart, and liver [5, 6, 32, 43] . Murine organs were used in this study, as they were more readily available than human tissues. Lysates of E. coli were also analyzed under the same conditions. As shown in Figure  1 , MsrB-type specific activity was greater than MsrA-type activity in all tissue extracts, except in E. coli, where the situation was reversed, which had greater MsrA activity and an overall lower total Msr activity. MsrB specific activity in granulocytes was comparable with that of highly expressing tissues, and MsrA activity was decidedly lower than measured in liver and kidney. In particular, the MsrB specific activity level for granulocytes is ϳ25 times higher than the MsrA levels, and this ratio decreases to fivefold and fourfold for liver and kidney, respectively. This clearly indicates that MsrB is the predominant Msr activity in granulocytes.
Immunoprecipitation of MsrA and MsrB forms from granulocytes
To ascertain whether the Msr activities detected by the enzymatic assay were indeed a result of Msr protein expression, immunoprecipitation experiments were carried out using two commercially available antibodies against MsrA and MsrB1 ( Fig. 2A; antibodies against other forms, such as MsrB2, MsrB3A, and MsrB3B were not available or not working in our hands). As shown in Figure 2 , B and C, MsrA and MsrB, respectively, were immunoprecipitated by the respective antibodies and subsequently detected as enzymatic activity (graphs) and as protein band after immunodetection (Western blots). Nonrelevant antibodies used as a control were ineffective in immunoprecipitating the enzymes. It can be seen from these data that the sum of the activities in the immunoprecipitates and soluble fractions does not equal the total original activity before immunoprecipitation or the activity in the soluble fraction of the samples treated with the nonrelevant antibody. It is hypothesized that this was a result of a partial inhibition of the enzyme after the binding of the antibody. In fact, the antibodies, at the concentrations used in the immunoprecipitation experiments, inhibited MsrA and MsrB activities by ϳ40% and 60%, respectively (Fig. 2D) . On this basis, the Msr activities measured in the immunoprecipitated fractions of the experiments described above are underestimated. By applying a correction factor to account for this inhibition, it can be calculated that the immunoprecipitated MsrA activity amounts to 97% of total MsrA, and MsrB1 activity is 82% of total MsrB activity.
Most of the blood cell Msr activity is expressed in neutrophils
The granulocytic fraction of circulating leukocytes contains approximately 5 ϫ 10 3 cells/l blood, of which ϳ95% are neutrophils, 5% eosinophils, and 0.02% basophils [44] . Apart from the basophils, whose concentration is three orders of magnitude lower than that of neutrophils, eosinophils could contribute significantly to the Msr activity measured in the whole granulocyte populations obtained routinely. To study the levels of activity of eosinophils, a leukocyte suspension was enriched in eosinophils by density separation on Percoll gradients [36] , followed by an immunomagnetic depletion step, which allows the removal of the following cell types: B cells, T cells, NK cells, neutrophils, dendritic cells, erythroid cells, and monocytes (see Materials and Methods), thus providing a pure population of eosinophils. During this procedure, other cell populations (platelets, mononuclear cells) were obtained and used to analyze Msr activity and expression. The purity of the populations of platelets, mononuclear cells, erythrocytes, and eosinophils was evaluated preliminarily by measuring the levels of contamination by neutrophils by immunodetection of the neutrophil-specific marker MMP-9. The contamination was found to be less than 0.5% (Fig. 3A) . Similarly, the purity of the granulocyte and mononuclear cell populations with regard to platelet contamination was evaluated by immunodetection of CD42b, a specific marker of platelets. This contamination was found to be less than 1% (Fig. 3B) . Levels of MsrA and MsrB enzymatic activity were then measured in whole lysates of the purified cell populations. As shown in Figure 4 , A and B, eosinophils were found to express MsrA and MsrB activities at levels corresponding, respectively, to ϳ30% and 18% of the specific activity in the total granulocyte population. As eosinophils represent only ϳ5% of the total granulocytes, the Msr activity measured in the total granulocyte population can therefore be considered to reflect essentially the activity of neutrophils. MsrA activity in mononuclear cells, platelets, and erythrocytes was extremely low and barely above background noise (Fig. 4A) . MsrB activity in the mononuclear cell fraction was similar to that of eosinophils, and it was virtually undetectable in platelets and erythrocytes (Fig. 4B) .
Msrs have a cytosolic, nongranular localization in granulocytes
As the cell lysates used in the immunoprecipitation experiments were prepared with the use of a nonionic detergent to ensure complete solubilization of the subcellular compartments (including the azurophil, specific, and gelatinase granules), the possibility existed that the Msr activities measured in these experiments were due to previously undetected Msr forms present in one or more types of cytosolic granules. To explore this possibility, neutrophils were activated with PMA or opsonized Zymosan to induce differential activation: maximal activation of the respiratory burst and degranulation but limited phagocytic activity, triggered by PMA; maximal phagocytic response with degranulation localized to the phagosome compartment and weaker respiratory burst induced by Zymosan [44] . The effectiveness of these activation processes was verified by measuring the release into the medium of MMP-9, a marker of specific and gelatinase granules, and of elastase, as a marker of azurophil granules (Fig. 5A) . The presence of MsrA and MsrB1 released into the extracellular medium and within the cells was then assayed by Western blotting with the corresponding antibodies, and the enzymatic activity was also measured in the two compartments after PMA or Zymosan treatment. As shown in Figure 5 , B and C, the two Msr forms were retained entirely within the activated cells by immunodetection and by enzymatic activity under conditions where the granule content was released partially (Zymosan) or completely (PMA) into the extracellular space, thus confirming a nongranular localization of MsrA and MsrB activities in neutrophils. The MsrB activity measured in the residual cells after activation with Zymosan appeared to be decreased, compared with control, unstimulated activity (see Discussion).
RT-PCR of Msr transcripts in blood cells
The presence of MsrA, MsrB1, and MsrB2 transcripts was evaluated by qRT-PCR in cDNA obtained from total granulocytes, purified eosinophils, and human kidney. Initial attempts to normalize the results with respect to the classical housekeeping gene GAPDH to allow direct comparison of the levels of expression of the various Msrs in the different cell types were frustrated by the inconsistency of results, likely a result of the widely varying levels of expression of GAPDH in such diverse cell types as proliferating epithelial kidney cells and terminally differentiated granulocytes. Therefore, the data were analyzed relative to the most highly expressed Msr in the same cell type. As shown in Figure 6 , A-C, the most highly expressed Msr in total granulocytes and eosinophils was (cytosolic) MsrB1, and the transcript for (mitochondrial) MsrB2 was the most abundant form in human kidney, followed by MsrB1 and MsrA. This finding, again, is consistent with the prevalence of cytosolic forms of Msr in granulocytes and the lack of mitochondrial isoforms. The analysis by non-qRT-PCR for MsrB3A and MsrB3B confirmed this idea, as the only mRNA detected in granulocytes was that of MsrB3A (ER), and that of MsrB3B (mitochondrial) was completely undetectable. Conversely, both transcripts were present in human kidney at comparable levels (Fig. 6D) . Mononuclear cells expressed transcripts for MsrB3A and trace amounts of transcripts for MsrB3B. Both transcripts for MsrB3 isoforms were also found in HEK 293 cells, used here as a positive control, as shown previously [42] .
DISCUSSION
In this work, we report that neutrophils, unlike eosinophils, mononuclear cells, platelets, and erythrocytes, express high levels of Msr activity, similar to those found in other cell types already characterized for high expression of these enzymes. We Rabbit polyclonal anti-MsrA and anti-MsrB1 antibodies used for immunoprecipitation recognize the respective proteins in unfractionated granulocyte extracts (A). The same antibodies were used to immunoprecipitate the respective proteins as described in Materials and Methods. The immunoprecipitated (P) and soluble (S) materials were assayed for the presence of MsrA-and MsrB-type enzymatic activity using the method described (B and C, histograms), and compared with the activity in the total cell lysate (T); n ϭ 5 for MsrA, and n ϭ 7 for MsrB. The equivalent of 5 ϫ . 3 . Assessment of the purity of the blood cell preparations. After purification of the various cell populations, as described in Materials and Methods, the degree of contamination by neutrophils in the preparations of platelets, erythrocytes, mononuclear cells, and eosinophils (A) or the contamination by platelets in the preparations of granulocytes and mononuclear cells (B) was evaluated, respectively, by the presence of the neutrophil-specific marker MMP-9 or the platelet-specific marker CD42b. To this purpose, a calibration curve was constructed by loading SDS-PAGE gels with increasing quantities of neutrophil lysates (from 0.1 to 10 g total protein) or platelet lysates (from 0.5 to 10 g), from which to compare the levels of MMP-9 and CD42b, possibly present in lysates of the other cell populations. The latter was loaded in higher quantities (20 g total protein) to ensure detection of even trace amounts of contamination. The blots shown are representative of at least three independent experiments.
show here, for the first time, that eosinophils, another polymorphonuclear phagocyte endowed with a functional NADPHoxidase system capable of producing even higher amounts of ROS than neutrophils [45] , express Msr at much lower levels than neutrophils. MsrB with a cytosolic localization is the major expressed form in neutrophils, and the mitochondrial forms are not expressed or else are only present at very low levels. In fact, mitochondria in neutrophils are of low number and appear to perform little, if any, oxidative phosphorylation, their role mainly restricted to modulation of the intrinsic pathway of apoptosis [46, 47] . We could detect only minor amounts of mRNA for MsrB2, compared with the levels of the transcript for the cytosolic form MsrB1 (Fig. 6 ). Whether these levels are directly proportional to the presence of the protein MsrB2 could not be determined, as a result of the unavailability of anti-MsrB2 antibodies. However, the immunoprecipitation experiments showed that more than 80% of MsrB activity could be precipitated with the anti-MsrB1 antibody used. Another clear indication that nonmitochondrial forms of Msr are expressed in neutrophils comes from the separate analysis of the levels of mRNA for the two alternatively spliced isoforms of MsrB3: Only the transcript corresponding to MsrB3A, the form residual MsrB2. As it was shown previously in studies with the recombinant enzyme that a peculiar feature of MsrB2 is its inhibition by substrate [15] , we ran additional enzymatic assays in samples from the immunoprecipitation experiments with granulocyte lysates at different substrate concentrations, trying to unmask possible MsrB2-type activity. On the basis of the results obtained, we could rule out a significant presence of such activity (not shown). The HEK 293 cells were used in this study as a positive control for MsrB3 transcripts, as previously proposed [42] ; we were also able to determine, for the first time, both transcripts of MsrB3 in the human kidney.
A quantitative real-time PCR method, based on the TaqMan system, was adopted in this study. This technique allows for the quantification of transcripts for a gene of interest relative to that of a housekeeping gene in a given cell type, thus permitting direct comparison of absolute levels of transcripts in different tissues. However, this quantitation is based on the assumption that levels of the housekeeping gene do not vary across samples, a situation that may not always be valid. The housekeeping gene initially chosen for our quantitative study was one that is commonly adopted in other studies-GAPDH-but was found to be too differently expressed in granulocytes and kidney cells to be usable as a normalizing control. There are serious concerns that GAPDH, as well as other common housekeeping genes, can be used as a valid reference in qRT-PCR, as the levels of its transcripts were shown to vary over as much as four to five orders of magnitude in normal human colon epithelium from different individuals [48] . Therefore, our results did not permit direct comparison of the Msr levels in the various cell types examined. However, they were still informative of the relative levels of transcripts of MsrA, MsrB1, and MsrB2 within a given cell type. Together, with the qualitative RT-PCR approach to the study of MsrB3, these results clearly indicated the net prevalence of nonmitochondrial forms of Msr in granulocytes.
Neutrophils are polymorphonuclear phagocytes involved in the innate immune response, which represents the first line of defense against infecting microorganisms. Neutrophils usually encounter the pathogens outside the circulatory system. Before this contact is made, a number of highly controlled and hierarchically organized events have to take place, such as the sensing by the neutrophil of chemoattractants, crossing the endothelial barrier, and the migration in the subendothelial space. In parallel with these steps, the neutrophils change their morphology, rearrange their cytoskeleton, and become "primed" through the expression of new surface receptors necessary for phagocytosis and NADPH-oxidase activity, so that they can recognize, phagocytose, and then kill the pathogens by first including them in the phagosome, followed by the production of superoxide ions. These are converted rapidly into various other oxidant species, such as hydrogen peroxide, hydroxyl ions, hypochlorite, and even gaseous chlorine, which are generated within the phagosome in parallel with the discharge into the phagosome of the cytoplasmic granules. The latter contains several proteolytic and hydrolytic enzymes that contribute to the neutralization of the pathogen.
Neutrophils contain multiple enzymatic and nonenzymatic systems for their protection against oxidative insults and repair of oxidative damage [49] . In view of the results presented here, Msr enzymes should now be considered an important addition to this list of antioxidants. The production of oxidants by the neutrophils is under strict control and does not appear to take place, even at low levels, in non-activated, circulating cells. It has thus been proposed that the complex antioxidant systems in neutrophils must have evolved to counteract auto-oxidation of the cell itself, a deleterious event that has been shown to occur during the oxidative burst [37, 49, 50] . Being that the neutrophils are terminally differentiated, it is unlikely that the protection of the machinery for cell replication is of high priority. It is conceivable that the antioxidants serve to maintain a functional intracellular environment while the cell is actively engaged in the phagocytosis/killing of pathogens and live until "the job is done," as previously suggested [49] . This would imply that Msrs, whose peculiar function is that of scavengers for ROS [18] and of a repair system, must be able to restore Met residues in the proteins of neutrophils during the most intense phase of the oxidative burst and/or in the immediate aftermath, when the functionality of the machinery of neutrophils is still needed to complete phagocytosis and neutralization of the pathogen.
In this respect, it is somewhat surprising that eosinophils, another professional phagocyte capable of higher production of oxidants than the neutrophil, express relatively low levels of Msr activity. There is, however, an important difference in the function of these cells in that eosinophils, which specialize in the killing of parasites without engulfing them in a phagosome, release the ROS and granule contents in the extracellular space rather than into the phagosome vacuole, as neutrophils do. This release of oxidants probably restricts the levels of oxidants produced intracellularly, and charged oxidants (e.g., superoxide) are unlikely to diffuse back into the cytoplasm to cause intracellular damage. In contrast, it has been shown that phagocytizing neutrophils are sensitive to oxidation of their own proteins [37, 49, 50] . It is interesting to note that MsrB activity appears decreased in Zymosan-activated neutrophils (Fig. 5C ). This could be related to auto-oxidation of MsrB1, when the reactive oxidant species are retained in close vicinity of the cell structures, as occurs when a phagosome is generated, instead of released in the extracellular medium, where they can rapidly diffuse away.
Nevertheless, the discrepancy in the levels of Msr expression in neutrophils and eosinophils remains and raises the question whether the powerful antioxidant machinery of neutrophils serves the sole scope of protection of the cell's components from self-inflicted oxidation. It would be interesting, for instance, to verify if Msr activity plays any role in the function of resting, non-activated neutrophils. It is interesting that although the activity of the NADPH-oxidase of resting neutrophils is considered to be negligible, low levels of activity (perhaps below the level of detection of many assays) can be detected in the absence of the formation of phagolysosomes. In these cases, the NADPH-oxidase appears to undergo activation when still in the granules, without translocation to the plasma membrane, and superoxide and other oxidants may be found within the cytoplasm, rather than the phagosome [51] [52] [53] .
It has also been proposed that the cell can use ROS for signaling purposes [54] . There is increasing evidence that the redox balance plays a key role in the regulation of apoptosis [55] , an important process for the regulation of neutrophil function. If, in neutrophils, oxidants can be produced independently of the phagosome [51] [52] [53] and are present within the cytoplasm, where they can accelerate the apoptotic process [56] , then antioxidants and hence Msr activities may play an anti-apoptotic role. It is therefore conceivable that Msrs are expressed at high levels to be functional at late stages of the cell's lifespan: in the circulatory system, as a peripheral blood neutrophil, and in the extravasation to the sites of inflammation.
In this respect, it is noteworthy that a recent study, using microarray technology to analyze the transcriptional profiles of human peripheral blood neutrophils and their bone marrow precursors (promyelocytes, myelocytes, and bone marrow neutrophils; see ref. [57] and supplementary material therein), found transcripts for MsrB1 (identified in that study as selenoprotein X1) in the transcriptome of neutrophils. Selenoprotein X (or selenoprotein R) was first identified in silico [58] and later shown to be a Msr activity and renamed MsrB1 [12] . Selenoprotein X appears to be up-regulated throughout terminal granulopoiesis, showing an abrupt increase in expression from the promyelocyte to the myelocyte stage [57] . It is interesting that this pattern of transcription is superimposable to that of the components of the NADPH-oxidase: ␣ and ␤ subunits of the membrane-associated heterodimeric cytochrome b-245 (p22 phox and p91 phox , respectively) and the cytosolic components p47 phox (neutrophil cytosolic factor 1), p67 phox (neutrophil cytosolic factor 2), and p40 phox (neutrophil cytosolic factor 4) [57] , and the transcripts for other antioxidant enzymes, such as catalase, glutathione peroxidase, various peroxiredoxins, and superoxide dismutase 1 were all downregulated starting from the myelocyte stage [57] .
The data in this paper confirm that the cytosolic MsrB1 is expressed in neutrophils, and from its timing of expression during granulopoiesis, Msr activities in the circulating neutrophil are not vestigial forms but may play important roles in regulating neutrophil function in inflammation.
